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There has been an increasing global demand for large bluegill (Lepomis macrochirus) to supply the 
food‐fish market. Current bluegill diets resemble those for largemouth bass and contain a high 
percentage of marine fish meal (FM). Research into the use of alternative protein ingredients for bluegill 
diets need to be conducted to not only conserve finite marine resources, but to reduce cost and expand 
the supply of bluegill to the global market. We evaluated growth, survival and body composition of bluegill 
fed diets in which FM was partially or totally replaced by various combinations of soybean meal, poultry 
by‐product meal, canola meal, soy protein concentrate, wheat gluten or a commercial protein blend 
(Pro‐Cision™). Seven isonitrogenous (40% protein), isolipidic (11%) and isocaloric (17.1 kJ/g) diets were 
formulated to meet the known nutrient and energy requirements of largemouth bass and bluegill using 
centrarchid nutrient availability data for most of the dietary ingredients. One of the test diets consisted 
exclusively of plant protein sources. Juvenile bluegill (9.1 g initial weight) were reared in a recirculating 
aquaculture system (3 tanks/diet; 20 fish/tank) and fed the test diets once daily to satiation for 70‐day. 
The test diets in which various percentages of SBM, PBM and/or a commercial protein‐blended product 
(Pro‐Cision) which completely replaced FM resulted in similar growth performance, feed efficiency and 
body composition of juvenile bluegill compared to fish fed diets containing 30% FM. However, as 
formulated, the all‐plant diet resulted in reduced growth. Mean diet performance rankings based on 
response measures along with differences in essential nutrient and energy levels (i.e. amino acids, P and 
starch) provided some insight into subtle differences in performance among diets. It appears that bluegill 
can be fed fish meal‐free diets without reduced production (growth) if animal‐source protein ingredients 
(PBM or Pro‐Cision) are added; however, as formulated in this feeding trial, an all‐plant diet resulted in 
reduced growth. Further study on formulating all‐plant diets for bluegill is warranted. 
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Abstract
There has been an increasing global demand for large bluegill (Lepomis macrochirus) 
to supply the food- fish market. Current bluegill diets resemble those for largemouth 
bass and contain a high percentage of marine fish meal (FM). Research into the use 
of alternative protein ingredients for bluegill diets need to be conducted to not only 
conserve finite marine resources, but to reduce cost and expand the supply of bluegill 
to the global market. We evaluated growth, survival and body composition of bluegill 
fed diets in which FM was partially or totally replaced by various combinations of soy-
bean meal, poultry by- product meal, canola meal, soy protein concentrate, wheat glu-
ten or a commercial protein blend (Pro- Cision™). Seven isonitrogenous (40% protein), 
isolipidic (11%) and isocaloric (17.1 kJ/g) diets were formulated to meet the known 
nutrient and energy requirements of largemouth bass and bluegill using centrarchid 
nutrient availability data for most of the dietary ingredients. One of the test diets con-
sisted exclusively of plant protein sources. Juvenile bluegill (9.1 g initial weight) were 
reared in a recirculating aquaculture system (3 tanks/diet; 20 fish/tank) and fed the 
test diets once daily to satiation for 70- day. The test diets in which various percent-
ages of SBM, PBM and/or a commercial protein- blended product (Pro- Cision) which 
completely replaced FM resulted in similar growth performance, feed efficiency and 
body composition of juvenile bluegill compared to fish fed diets containing 30% FM. 
However, as formulated, the all- plant diet resulted in reduced growth. Mean diet per-
formance rankings based on response measures along with differences in essential 
nutrient and energy levels (i.e. amino acids, P and starch) provided some insight into 
subtle differences in performance among diets. It appears that bluegill can be fed fish 
meal- free diets without reduced production (growth) if animal- source protein ingre-
dients (PBM or Pro- Cision) are added; however, as formulated in this feeding trial, an 
all- plant diet resulted in reduced growth. Further study on formulating all- plant diets 
for bluegill is warranted.
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1  |  INTRODUC TION
Global demand for large bluegill (Lepomis macrochirus) is increas-
ing due to a burgeoning food- fish market for this species because 
bluegill possess several characteristics that make them desirable for 
aquaculture that include rapid growth, ready acceptance and effi-
cient utilization of prepared diets (Tidwell et al., 1992; Yang et al., 
2016), and an aggressive nature that makes them attractive to an-
glers (Brunson & Robinette, 1986). Additionally, the temperature 
range for optimal growth is between 26 and 32°C allowing them 
to be grown in many regions worldwide. As their popularity as an 
aquaculture species has increased, several studies have elucidated 
their protein requirements (Tidwell et al., 1992; Webster et al., 
1992, 1997a). Yang et al. (2016) reported that small (1.2 g) bluegill 
required a diet containing 41.5– 42.4% protein (dry- matter basis). 
These dietary protein values are similar to those reported for an-
other Centrarchid species, largemouth bass (Micropterus salmoides; 
Tidwell et al., 1996; Coyle et al., 2000; Portz et al., 2001; Tidwell 
et al., 2005). However, largemouth diets typically have high percent-
ages of fish meal (FM). Similarly, current bluegill diets resemble those 
for largemouth bass and also contain a high percentage of marine 
fish meal (FM). However, FM is a limited resource and is currently the 
most expensive macro- ingredient in an aquaculture diet. Therefore, 
research into the use of alternative protein ingredients for bluegill 
diets need to be conducted to not only conserve a finite resource, 
but to reduce cost and expand the supply of bluegill to the global 
market.
Previous work has shown that the use of blends of animal and 
plant protein ingredients in aquafeeds often produces better pro-
duction metrics because they reduce ingredient costs, provide 
complimentary nutrient profiles, especially vitamins and essential 
amino acids (EAAs), that meet the animal requirements (Webster 
et al., 1999) and reduce potential negative palatability issues as-
sociated with using predominantly one protein source (Webster 
et al., 1992). Among plant- protein ingredients, soybean meal 
(SBM) has received the most attention and is the most widely used 
plant- protein ingredient in aquaculture diets due to its wide avail-
ability, nutritional consistency, balanced amino acid profile and 
high digestibility (Akiyama et al., 1989; Gatlin et al., 2007; Lemos 
et al., 2009). Although SBM meal has several positive attributes 
that make it a good overall candidate for replacing FM, it also has 
negative attributes that may limit its use at high percentages, or 
as the predominant protein ingredient in commercial aquacul-
ture diets. For example, SBM has lower overall EAA concentra-
tions than FM; deficiencies in the methionine (MET), lysine (LYS) 
and threonine (THR); and a lack of essential n- 3 fatty acids EPA, 
eicosapentaenoic acid and DHA, docosahexaenoic acid (Fox et al., 
2004; Gatlin et al., 2007; NRC, 2011). Soybean meal also contains 
anti- nutritional factors (ANFs), such as trypsin inhibitors, lectins, 
phytic acid, saponins, antivitamins, oligosaccharides and high lev-
els of non- starch polysaccharides (NSP) that may affect nutrient 
digestibility and/or availability to fish (Francis et al., 2001; Gatlin 
et al., 2007; Gilani et al., 2005).
Canola is the name for varieties of rapeseed (Brassica napus and 
B. campestris) that have low levels of erucic acid and glucosinolates. 
Rapeseed (canola) is the 2nd- most produced plant- protein ingredient 
in the world, after SBM, and possesses favourable EAA composition, 
bioactive peptides (Akbari & Wu, 2015), and phenolic compounds 
that have antioxidant activity (Mazumber et al., 2016). However, use 
of canola meal (CM) in aquaculture diets is limited by the presence 
of ANFs and high fibre levels (Dossou et al., 2018; Glencross et al., 
2004; Lim et al., 1998; Ngo et al., 2016; Webster et al., 2000).
Animal- protein ingredients, such as poultry by- product meal (PBM), 
bovine or porcine meat- and- bone meal (MBM) and feather meal (FEA), 
have been shown to have variable success as partial or total alternatives 
to FM in prepared diets for various fish species. For several carnivo-
rous fish species, PBM is an excellent replacement for moderate- to- 
high percentages of FM (Nengas et al., 1999; Tidwell et al., 2005; Wang 
et al., 2015; Wu et al., 2018). Further, there are commercial protein 
blends available for use as FM substitutes in aquaculture diets, such 
as Aqua- Pak Elite and Pro- Cision series premixes (H.J. Baker & Bros., 
Inc.) which are comprised of proprietary combinations of animal (PBM, 
MBM, FEA and blood meal) and plant (corn gluten, wheat gluten, dis-
tiller's dried grains with solubles, soy protein concentrate and soy pro-
tein isolate) proteins (pers. comm. with manufacturer)..
The objectives of this feeding trial were to evaluate the effects 
on growth, survival and body composition in bluegill fed diets in 
which FM was partially, or totally, replaced by a combination of SBM 
and PBM, other plant proteins (canola meal, CM; soy protein con-
centrate, SPC; wheat gluten, WG), or a commercial protein blend 
(Pro- Cision™).
2  |  MATERIAL S AND METHODS
2.1  |  Fish and culture system
Bluegill (9.11 ± 0.06 g; mean ±SE) were obtained from Keo Fish Farm 
and randomly stocked into 21, 200- L tanks at a density of 20 fish/tank 
(3 replicate tanks per dietary treatment. The described feeding trial 
was approved by the Institutional Animal Care and Use Committee, 
University of Arkansas at Pine Bluff, Pine Bluff, AR, USA.) Tanks 
were connected to a common recirculating aquaculture system (RAS) 
equipped with a sump and biofilter. Fish were held for two weeks prior 
to the commencement of experimental trials to ensure they were 
disease- free and fully acclimated to laboratory conditions. During the 
holding period, fish were fed daily ad libitum a 45% protein commer-
cial diet (Cargill Aqua Nutrition) which contained some fish meal in 
the formulation. Fish were hand- fed their respective test diets once 
daily (0730) all they could consume in 30 min for the 70- d feeding trial. 
Mortalities were replaced during the first week of the feeding trial.
The RAS consisted of mechanical and biological filtration com-
ponents containing vertical polyester screens for solids removal 
and polyethylene bio- balls for fixed- biofilm nitrification, as well as 
a sand filter for additional filtration capability, and was powered by 
a 1/3 HP water pump (U.S. Motors), with a flow rate to each tank 
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maintained at 3 L/min using flow regulators (Hendrickson Bros.). 
Continuous aeration was provided by a ¼ horsepower Sweetwater® 
regenerative blower (Pentair), that supplied oxygen to two air dif-
fusers in each tank and additional airstones in the biological and 
mechanical filtration components. To ameliorate water- loss from 
evaporation and routine maintenance (siphoning), water was re-
placed as needed from a freshwater well (total alkalinity 30 mg/L; 
total hardness 40 mg/L). Light was provided by overhead fluores-
cent ceiling lights set on a photoperiod of 14 h:10 h light:dark cycle. 
All tanks were siphoned daily to remove uneaten diet and faeces. 
If present, mortalities were recorded and removed daily. All tanks 
were covered with polyethylene mesh to prevent fish access to adja-
cent aquaria and/or losses from jumping.
Dissolved oxygen and water temperature were measured daily 
using a YSI 556MPS oxygen metre (Yellow Springs Instruments, 
Inc.). Total ammonia nitrogen (TAN), nitrite nitrogen, nitrate and pH 
were recorded weekly. Total ammonia nitrogen and nitrite nitrogen 
were analysed with a Hach DR 900 multiparameter colorimeter 
(Hach, Co.) using the salicylate method (TAN) and azo- dye method 
(nitrite nitrogen). During the study, water quality parameters aver-
aged (±SE) as follows: water temperature, 27.5 ± 1.4ºC; dissolved 
oxygen, 6.45 ± 0.3 mg/L; total ammonia nitrogen, 0.38 ± 0.3 mg/L; 
nitrite, 0.14 ± 0.07 mg/L; total alkalinity, 93.5 ± 25.7 mg/L; chloride, 
79.7 ± 14.8 mg/L; pH, 8.14 ± 0.12. All parameters were within ac-
ceptable limits for fish growth and health (Boyd, 1979).
2.2  |  Diets, feeding and sampling
Seven isonitrogenous (40% protein, as fed), isolipidic (11%, as fed) 
and isocaloric (17.1 kJ/g) diets were formulated to meet the known 
nutrient and energy requirements of largemouth bass and bluegill 
(Masagounder et al., 2009; Portz & Cyrino, 2004; Webster et al., 
1997b), and amino acid requirements were based on whole- body and 
fillet composition of largemouth bass (Portz & Cyrino, 2003). Diets 
were formulated on an available amino acid and digestible protein 
basis for FM, SBM, PBM, and wheat (Masagounder et al., 2009; Portz 
& Cyrino, 2004), and a digestible protein basis for wheat gluten (da 
Silva & Oliva- Teles, 1998), soy protein concentrate (SPC; Kaushik, 
2002) and canola meal (CM; Gaylord et al., 2004). Amino acid avail-
abilities for wheat gluten, SPC and CM in bluegill have not been 
published and assumed to be 90%. Lipid contribution from dry ingre-
dients was balanced with canola oil and menhaden fish oil in order to 
maintain the diets isolipidic and isoenergetic, while the contribution 
of fish oil to total lipid was maintained constant in all diets by including 
1.5– 2% menhaden fish oil in the fish meal- free diets. Diet 1 (control) 
was formulated similar to a high- quality, commercially available car-
nivorous fish diet containing 30% FM and 37% SBM. Diets 2– 6 were 
formulated to partially replace FM with other commercially available 
protein ingredients, whereas Diet 7 was formulated to completely re-
place FM with a commercially available protein blend (AquaPak Pro- 
Cision, H.J. Bakers & Bros., Inc.) at 40% inclusion level to have similar 
formulated nutrient composition as the control (Diet 1).
Diets were produced by having all ingredients ground in a pilot- 
scale hammermill (Viking, model CPM Roskamp Champion) and 
then blended in a rotating mixer (Kobalt/Monarch Industries, model 
043206, Winnipeg, Canada). Extrusion was performed using a 
single- screw extruder (Insta- Pro, model 500) with a 45 mm diameter 
screw and a 20:1 screw length to diameter (L/D) ratio. Feed blends 
were manually fed into the extruder at a constant rate. The extruder 
was connected to a 7.5 HP motor, and screw speed was set at 600 
RPM. A circular die plate (with multiple 3 mm holes) was attached to 
the extruder. The mass flow rate was determined by collecting ex-
trudate samples at 30- sec intervals during extrusion processing and 
weighing the samples on an electronic balance. Observed mass flow 
rates ranged from 0.089 to 0.095 kg/s. The temperatures of the die 
and of the resulting pellets were recorded every two minutes using 
an infrared thermometer and determined to be 53 ± 5ºC for the die 
plate and 63– 70°C for the extrudates. After extrusion processing, 
the extrudates were air- dried for 24 h, then bagged and frozen. Diets 
were stored at −20°C in plastic containers until fed.
2.3  |  Diet analysis
Proximate and amino acid compositions of the ingredients (Table 1) 
were measured by commercial laboratories (Eurofins Scientific, 
Inc.; and Texas Agrilife Research, respectively). Proximate 
(Table 2) and amino acid (Table 3) compositions of the diets were 
likewise measured by commercial laboratories (Eurofins Scientific, 
Inc.; and Texas Agrilife Research, respectively). Diets were ana-
lysed for proximate composition based on Association of Official 
Analytical Chemists (AOAC) standard methods (AOAC, 2002). 
Briefly, moisture was determined by AOAC method 930.15, pro-
tein by the combustion method (AOAC 990.03), lipid by the gravi-
metric method (AOAC 954.02), fibre by AOAC method 962.09 and 
ash by AOAC method 942.05. Nitrogen- free extract (NFE; i.e. car-
bohydrate) was calculated by difference such that NFE = 100−(% 
protein + % lipid + % fibre + % ash). Available energy (AE) was esti-
mated from the physiological fuel values of 16.7, 16.7 and 37.9 kJ/g 
for protein, carbohydrate (NFE) and lipid, respectively (Garling & 
Wilson, 1977; Webster et al., 1999). Amino acid composition of 
the diets and fillets were quantified by ultra- performance liquid 
chromatography (UPLC; Acquity System, Waters Corporation) fol-
lowing the methodology described by Castillo et al. (2015). Diet 
available phosphorus (Table 1) was estimated from composition 
matrices and availability estimates for hybrid striped bass (Morone 
chrysops × M. saxatilis) and rainbow trout (Onchorynchus mykiss; 
Barrows et al., 2016). The concentration (% of diet) and diet rank of 
available P in each of the test diets was as follows: Diet 1 (0.66%, 
#4), Diet 2 (0.56%, #6), Diet 3 (0.72%, #3), Diet 4 (0.58%, #5), Diet 
5 (0.74%, #2), Diet 6 (0.44%, #7) and Diet 7 (1.32%, #1). Similarly, 
using availability estimates from the literature and the methods of 
Koch et al. (2016), the sum of squared differences (SSd) of essen-
tial amino acids in each of the test diets from that of the fish meal 
control diet and diet rank order can be summarized as follows: Diet 
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2 (SSd = 577.6, #2), Diet 3 (SSd = 579.0, #3), Diet 4 (SSd = 2000.0, 
#4), Diet 5 (SSd = 2310.8, #5), Diet 6 (SSd = 2129.4, #6) and Diet 
7 (SSd = 261.5, #1).
2.4  |  Data collection and sample analysis
Fish were not fed for 24- h prior to the conclusion of the study. Fish 
in each tank were individually weighed to the nearest 0.01 g on an 
electronic scale (AB54- S; Mettler Toledo) to determine total weight, 
measured for length to the nearest 0.1 mm using a ruler and hand- 
counted to determine survival (%). Ten fish from each tank were 
randomly sampled, euthanized in an ice- water bath and frozen until 
analysis. These ten fish were then were sexed and used for com-
positional indices (by gender) that included total shank fillet yield 
(without ribs), hepatosomatic index (HSI), viscerosomatic index (VSI) 
and gonadosomatic index (GSI).
Of the 10 fish used for gender compositional indices, seven fish 
were used for whole- body proximate analysis (moisture, protein, 
lipid, fibre and ash). Whole- body proximate analysis was performed 
by a commercial company (Eurofins Scientific, Inc.). Whole bodies 
were homogenized twice through a meat grinder and pooled per 
tank prior to analysis. Tissue samples were analysed as described 
for the diet analysis except protein and lipid. Protein of whole bodies 
was determined by LECO FP- 528 protein/nitrogen analyser (AOAC 
method 992.15), while lipid was determined by extracting with 2:1 
chloroform:methanol at 100ºC (AOAC 991.36 and 960.39). The re-
maining three fish from each tank used for gender compositional in-
dices had fillets removed, homogenized twice in a meat grinder and 
pooled for amino acid analysis by the Fish Nutrition Laboratory at 
Texas A&M University with each sample run twice for confirmation 
of amino acid composition. Fillets were removed from the backbone 
without ribs, skinned, weighed and stored frozen in polyethylene 
bags labelled by tank prior to preparation for amino acid analysis.
Metrics of growth and composition of growth were assessed at 
the conclusion of the feeding trial and included the following:
Weight gain (%) =100 [(Wf – Wi) / Wi], where Wf and Wi are final 
and initial fish weight (g), respectively;
Specific growth rate (SGR; %/d) =100 [(ln Wf – ln Wi)/t], where t 
is time (d) fed;
Fulton's condition factor (K) =100 (Wf/Lf
3), where Lf is final fish 
length (cm);
Feed conversion ratio (FCR) = dry diet intake (g)/weight gain of 
fish (g);
Protein efficiency ratio (PER) = protein gain (g)/protein fed (g);
Fillet yield (%) = (shank fillet weight (g) × 100)/fish weight (g);
Hepatosomatic index (HIS; %) = (liver weight (g) × 100)/fish 
weight (g);
Viscerosomatic index (VSI; %) = (viscera weight (g) × 100)/fish 
weight (g);
Gonadosomatic index (GSI; %) = (gonad weight (g) × 100)/fish 
weight (g)
Within each response × gender setting, diets were ranked based 
on the magnitude of each response among the seven diets. We as-
sumed that higher VSI, GSI and HSI were indicative of higher energy 
retention and tissue depots regardless of gender and therefore indic-
ative of better diet performance. For example, in Table 5, male (M) 
final weights (g) were ordered from highest (71.23 g, Diet 3, rank = 1) 
to lowest (44.62 g, Diet 6, rank = 7) then ranked accordingly. Mean 
Ingredient
FM SBM PBM SPC Canola
Pro- 
Cision
Moisture 71.0 100.6 48.0 33.0 70.0 66.6
Protein 660.2 516.2 658.6 706.0 365.0 704.2
Lipid 108.6 38.1 154.4 11.0 34.0 91.8
Ash 218.2 73.9 117.8 36.0 68.0 131.5
Amino acids
Arginine 34.4 37.3 43.8 51.0 23.2 39.8
Cystine 4.9 6.7 10.9 8.9 9.7 11.8
Histidine 14.2 12.9 5.8 18.0 11.0 18.2
Isoleucine 26.4 22.3 21.3 32.0 15.1 24.9
Leucine 32.5 38.2 40.4 55.0 26.0 53.6
Lysine 48.0 30.9 31.0 45.0 20.2 47.1
Methionine 16.2 7.3 5.1 9.0 7.7 17.4
Phenylalanine 25.9 25.7 24.3 36.0 1.50 30.4
Threonine 29.1 19.9 25.4 27.0 15.0 29.6
Tryptophan 8.4 7.0 6.7 8.4 4.6 7.2
Tyrosine 18.9 17.4 15.6 23.0 9.9 18.0
Valine 31.0 23.3 28.5 34.0 19.4 37.4
TA B L E  1  Proximate and selected amino 
acid composition (g/kg) of menhaden fish 
meal (FM), soybean meal (SBM), poultry 
by- product meal (PBM), soy protein 
concentrate (SPC), and a commercial 
protein- blended product (Pro- Cision, H.J. 
Baker and Sons)
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rank for a specific diet was calculated by averaging all sixteen male 
and female response ranks for that diet. Hence, Diet 1 mean rank = Σ 
(6,2,6,2,5,1,6,2,5,2,3,1,3,3,6,7) /16 = 3.75. Mean ranks were then or-
dered highest to lowest to assign overall rank order.
2.5  |  Statistical analysis
Growth, body composition and survival data were analysed using 
PROC GLM in SAS version 9.4 (SAS Institute) to determine whether 
significant differences (p < 0.05) existed among treatment means 
using Tukey's (Zar, 1984). Gender data and diet rankings were an-
alysed using PROC GLIMMIX in SAS 9.4 to determine significant 
differences (p < 0.05) among diets within gender and between sexes 
within diet.
3  |  RESULTS
3.1  |  Growth performance, condition factor, diet 
utilization and body analysis (sexes combined)
Final individual weight, percentage weight gain and specific 
growth rate (SGR) for bluegill fed Diet 6 were significantly lower 
(p < 0.05) than those of fish fed the other six test diets (Diets 1– 5 
and Diet 7) but were not significantly different (p > 0.05) from 
Ingredienta 
Diet
1 2 3 4 5 6 7
FM 300.00 150.00 150.00 0.00 0.00 0.00 0.00
PBM 0.00 0.00 160.00 160.00 320.00 0.00 0.00
SBM 370.00 560.00 340.00 530.00 310.00 390.00 200.00
CM 0.00 0.00 0.00 0.00 0.00 100.00 0.00
SPC 0.00 0.00 0.00 0.00 0.00 150.00 0.00
WGM 0.00 0.00 0.00 0.00 0.00 50.00 0.00
Pro- Cision™ 0.0 0.00 0.00 0.00 0.00 0.00 400.00
Wheat 220.10 160.60 240.60 190.60 270.20 170.90 300.60
Canola oil 50.00 40.50 20.50 20.00 4.00 30.70 0.00
Menhaden 
fish oil
30.00 40.50 40.50 60.00 60.00 60.00 60.00
Dicalcium 
phosphate
20.00 20.50 20.50 20.50 20.50 20.50 20.50
Choline 
chloride
3.00 3.00 3.00 3.00 3.00 3.00 3.00
Stay C (35%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Vitamin mixb  4.00 4.00 4.00 4.00 4.00 4.00 4.00




90.94 60.97 60.22 40.98 70.11 60.63 70.56
Protein (%) 410.14 400.30 400.27 390.40 380.90 400.60 420.90
Lipid (%) 100.86 100.55 100.75 110.31 100.18 100.69 90.82
Fibre (%) 10.55 20.75 10.65 20.25 10.60 30.35 10.10
Ash 90.38 90.08 100.67 90.77 110.97 70.19 90.34
Available Pd  6.60 5.60 7.20 5.80 7.40 4.40 13.20
aIngredient designations and sources: Special Select™ menhaden fish meal, FM (Omega Protein 
Corp.); pet food grade poultry by- product meal, PBM (Tyson Foods, Inc); soybean meal, SBM 
(Dakotaland Feeds); canola meal, CM; soy protein concentrate, SPC (Profine VF, Solae Inc); wheat 
gluten meal, WGM (Rangen); Aqua- Pak Pro- Cision™ (HJ Baker & Brothers); wheat (Rangen).; 
bVitamin mix supplied the following (mg or IU/kg of diet): biotin, 0.64 mg; B12, 0.06 mg; E (as 
alpha- tocopherol acetate), 363 IU; folacin, 9.5 mg; myo- inositol, 198 mg; K (as menadione sodium 
bisulphate complex), 3.7 mg; niacin, 280 mg; D- pantothenic acid, 117 mg; B6, 31.6 mg; riboflavin, 
57.4 mg; thiamin, 35.8 mg; D1, 440 IU; A (as vitamin A palmitate), 6607 IU
4As- fed basis.; cMineral 
mix supplied the following (g/kg of diet): zinc, 0.07 g; manganese, 0.02 g; copper, 0.002 g; iodine, 
0.010 g.; dEstimated from availability of P in dietary ingredients for hybrid striped bass in Barrows 
et al. (2016). All diets met phosphorus for hybrid striped bass (NRC, 2011).
TA B L E  2  Ingredient and analysed 
composition (g/kg; as- fed basis) of seven 
practical test diets fed to juvenile bluegill. 
Values are means of three determinations 
per diet
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1 2 3 4 5 6 7
Indispensible
Arginine 23.6 ± 1.1 23.8 ± 1.5 32.4 ± 1.5 24.9 ± 0.9 27.7 ± 1.5 23.6 ± 0.2 21.5 ± 1.8
Histidine 11.9 ± 0.6 12.3 ± 0.5 14.8 ± 0.7 10.8 ± 0.3 13.3 ± 0.7 12.2 ± 0.1 12.5 ± 1.2
Isoleucine 15.9 ± 0.6 15.4 ± 0.9 20.6 ± 1.0 14.7 ± 0.5 16.5 ± 0.9 14.5 ± 0.4 19.1 ± 0.6
Leucine 28.8 ± 1.1 27.6 ± 1.4 38.0 ± 1.8 27.3 ± 1.0 30.8 ± 1.6 27.8 ± 0.1 27.2 ± 1.9
Lysine 28.3 ± 1.3 28.2 ± 1.3 24.0 ± 2.0 23.6 ± 0.8 24.5 ± 1.3 24.1 ± 2.8 22.8 ± 1.5
Methionine 7.40 ± 1.7 6.70 ± 0.3 6.80 ± 1.0 6.00 ± 0.4 6.10 ± 0.7 5.60 ± 2.6 8.30 ± 3.3
Phenylalanine 19.6 ± 1.1 17.5 ± 0.9 22.5 ± 4.0 19.3 ± 0.7 18.7 ± 0.8 17.8 ± 0.1 18.0 ± 0.9
Threonine 18.5 ± 0.8 17.0 ± 0.9 22.8 ± 1.1 16.3 ± 0.6 18.3 ± 0.9 16.6 ± 0.7 14.8 ± 1.2
Valine 18.4 ± 0.9 18.2 ± 0.8 24.3 ± 1.2 17.1 ± 0.6 19.0 ± 1.0 16.9 ± 1.3 18.7 ± 1.9
Dispensible
Alanine 18.5 ± 0.5 16.5 ± 0.8 26.3 ± 1.3 17.5 ± 0.6 22.2 ± 1.2 14.5 ± 0.2 17.6 ± 1.4
Aspartic Acid 25.7 ± 0.7 26.5 ± 1.4 35.8 ± 1.7 27.0 ± 0.9 28.6 ± 1.5 25.8 ± 0.4 20.8 ± 2.6
Cystine 4.60 ± 0.2 4.50 ± 0.3 6.40 ± 0.3 4.80 ± 0.2 5.10 ± 0.3 3.70 ± 1.9 6.80 ± 0.7
Gln- Glua  44.7 ± 0.8 45.1 ± 1.7 64.8 ± 3.1 49.8 ± 0.6 54.8 ± 2.8 56.6 ± 1.1 39.8 ± 3.6
Glycine 21.2 ± 0.7 19.2 ± 1.1 32.9 ± 1.5 23.1 ± 0.8 31.2 ± 1.6 28.9 ± 0.7 24.1 ± 1.7
HPro- Prob  28.1 ± 0.7 26.5 ± 1.1 40.7 ± 1.9 30.4 ± 1.0 38.7 ± 2.0 33.7 ± 0.3 33.3 ± 1.8
Serine 17.4 ± 0.3 18.0 ± 1.0 24.7 ± 1.2 19.1 ± 0.7 20.5 ± 1.1 19.9 ± 0.0 22.1 ± 1.5
Taurine 4.10 ± 0.1 4.30 ± 0.2 5.90 ± 0.3 4.60 ± 0.2 4.90 ± 0.3 4.70 ± 0.8 5.10 ± 0.6
Tyrosine 11.2 ± 1.9 13.3 ± 3.8 11.3 ± 0.5 10.0 ± 0.4 11.0 ± 0.6 9.80 ± 2.1 8.90 ± 1.4
aGlutathione/Glutamic acid.; bHydroxyproline/Proline.
TA B L E  4  Growth responses of juvenile bluegill (initial weight=9.11 g) fed the test diets. Means (± SE) within a row with different letters 
are different (p < 0.05)
Responsea 
Diet
1 2 3 4 5 6 7
Final weight 
(g)b 
62.64 ± 1.07a 57.24 ± 0.75a 60.05 ± 0.80a 54.42 ± 3.60a 58.74 ± 2.04a 42.07 ± 3.35b 59.74 ± 1.31a
Final length 
(cm)b 
12.4 ± 0.6 12.1 ± 0.6 11.4 ± 0.2 12.7 ± 0.8 12.6 ± 0.50 11.2 ± 0.7 11.7 ± 0.2
Survival (%)b  100.0 ± 2.9 95.0 ± 2.9 100 ± 0.0 86.7 ± 4.4 93.3 ± 1.7 95.0 ± 5.0 98.3 ± 1.7
Kc  3.35 ± 0.37 3.31 ± 0.44 4.06 ± 0.17 2.71 ± 0.33 3.21 ± 0.15 3.06 ± 0.41 3.71 ± 0.21
Weight gain 
(%)b 
587.6 ± 11.8a 528.3 ± 8.3a 559.2 ± 8.9a 497.4 ± 39.5a 544.8 ± 22.4a 361.8 ± 36.7b 555.7 ± 14.4 a
SGR (%/d)b  2.75 ± 0.02a 2.62 ± 0.02a 2.69 ± 0.02a 2.55 ± 0.10a 2.66 ± 0.05a 2.18 ± 0.12b 2.69 ± 0.03a
Feed intake(g)b  1185.5 ± 137.9 1146.3 ± 127.8 925.7 ± 78.3 884.6 ± 70.6 890.7 ± 25.0 837.1 ± 88.6 1032.3 ± 70.9
FCRb  1.12 ± 0.17 1.27 ± 0.14 0.91 ± 0.08 1.17 ± 0.06 1.03 ± 0.06 1.36 ± 0.06 1.04 ± 0.07
HSIc  2.00 ± 0.14 1.60 ± 0.08 1.86 ± 0.08 1.95 ± 0.11 1.68 ± 0.09 1.63 ± 0.13 1.95 ± 0.10
GSIc  3.46 ± 0.53 4.00 ± 0.70 3.88 ± 0.59 3.74 ± 0.71 3.90 ± 0.70 3.50 ± 0.62 3.65 ± 0.73
VSIc  9.64 ± 0.27a 9.03 ± 0.31b 10.18 ± 0.41a 9.14 ± 0.29b 9.19 ± 0.33b 9.24 ± 0.30b 10.72 ± 0.29a
aResponses include: K, Fulton's condition factor = 100 (Wf/Lf
3), where, Wf is final fish weight (g), Lf is final fish length (mm); Weight gain (%) = 100 [(Wf 
– Wi) / Wi], where Wi is initial fish weight (g); SGR, specific growth rate (% /d) = 100 (ln Wf– ln Wi) / t, where t is time (d) fed; Feed intake (g) = total dry 
feed fed; FCR, feed conversion ratio = dry feed consumed (g)/ wet weight gain.; bValues are mean determines from 20 fish/tank from tests per diet.; 
cResponses of 10 randomly chosen fish from each tank include: HSI, hepatosomatic index (%) = (liver weight × 100) / Wf; GSI, gonadosomatic index 
(%) = (gonad weight × 100) / Wf; VSI, viscerosomatic index × (intestine weight × 100)/Wf.
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TA B L E  5  Mean growth responses and diet rankings of significant responses by gender (male, M; female, F) among test diets fed to 
juvenile bluegill (N = 10/tank)a. Sexes were determined by examination of gonads present when collecting body analysis data
Responseb 
Diet
1 (control) 2 3 4 5 6 7
Final weight (g) M 60.18b* 70.06a* 71.23a* 63.74ab* 68.58ab* 44.62c 66.59ab*
(SE) (4.63) (3.85) (2.70) (3.35) (3.44 (3.71 (4.36
Rankc  6 2 1 5 3 7 4
Final weight (g) F 47.70a 38.71ab 48.21a 36.55b 44.19ab 40.26ab 42.26ab
(SE) (3.26) (1.91) (2.47) (2.35) (2.13) (3.89) (2.29)
Rank 2 6 1 7 3 5 4
Final length (mm) M 106.07b* 117.73a* 111.80ab* 108.76b* 111.06ab* 96.81c 108.95b*
(SE) (2.72) (6.11) (1.67) (1.60) (1.70) (1.95) (2.75)
Rank 6 1 2 5 3 7 4
Final length (mm) F 98.80ab 94.57ab 101.73a 93.23b 97.64ab 93.71b 95.82ab
(SE) (2.25) (1.37) (1.35) (1.97) (1.97) (2.77) (1.42)
Rank 2 5 1 7 3 6 4
K M 4.88ab 4.58b 5.10a* 4.90ab* 4.96ab 4.80ab 4.98ab
(SE) (0.15) (0.26) (0.13) (0.13) (0.14) (0.21) (0.17)
Rank 5 7 1 4 3 6 2
K F 4.86 4.53 4.54 4.44 4.73 4.67 4.77
(SE) (0.12) (0.08) (0.12) (0.07) (0.12) (0.14) (0.14)
Rank 1 6 5 7 3 4 2
SGR (%/day) M 2.62b* 2.88ab* 2.29a* 2.75ab* 2.86ab* 2.20c 2.75ab*
(SE) (0.14) (0.08) (0.05) (0.07) (0.07) (0.11) (0.14)
Rank 6 2 1 4.5 3 7 4.5
SGR (%/day) F 2.32ab 2.04bc 2.36a 1.95c 2.23abc 2.02c 2.17abc
(SE) (0.10) (0.07) (0.07) (0.09) (0.07) (0.15) (0.08)
Rank 2 5 1 7 3 6 4
Wt. gain (%) M 560.62b* 669.02a* 681.91a* 599.68ab* 652.82ab* 389.77c 630.99ab*
(SE) (50.86) (42.22) (29.62) (36.79) (37.73) (40.67) (47.81)
Rank 5 2 1 6 3 7 4
Wt. gain (%) F 423.64a 324.93ab 429.23a 301.13b 385.06ab 341.98ab 363.93ab
(SE) (35.82) (21.00) (27.07) (25.84) (23.36) (42.70) (25.16)
Rank 2 6 1 7 3 5 4
HSI (%) M 1.94 1.76 1.89 1.97 1.72 1.63 2.00
(SE) (0.21) (0.10) (0.12) (0.13) (0.13) (0.18) (0.13)
Rank 3 5 4 2 6 7 1
HSI (%) F 2.06a 1.44b 1.82ab 1.93a 1.64ab 1.63ab 1.87ab
(SE) (0.19) (0.11) (0.13) (0.21) (0.14) (0.20) (0.17)
Rank 1 7 4 2 5 6 3
VSI (%) M 10.11bc 9.80c* 11.06ab* 9.84c* 10.08bc* 10.10bc* 11.33a*
(SE) (0.35) (0.39) (0.58) (0.32) (0.42) (0.34) (0.31)
Rank 3 7 2 6 5 4 1
VSI (%) F 9.16abc 8.21bc 9.31ab 8.22bc 8.16c 8.26bc 9.65a
(SE) (0.37) (0.40) (0.49) (0.36) (0.36) (0.39) (0.45)
Rank 3 6 2 5 7 4 1
(Continues)
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each other (Table 4). Final length, condition factor (CF), survival 
and feed conversion ratio (FCR) were not significantly different 
(p > 0.05) among dietary treatments and averaged 12.01 cm, 3.34, 
95.5% and 1.13, respectively (Table 4). Hepatosomatic index (HSI) 
and gonadosomatic index (GSI) were not significantly different 
(p > 0.05) among treatments; however, viscerosomatic index (VSI) 
for fish fed Diets 2, 4, 5 and 6 were significantly lower (p < 0.05) 
compared to fish fed Diets 1, 3 and 7 (Table 4). Feed intake was not 
significantly different among diets at the alpha = 0.05 level, and 
however, there was some indication (p = 0.105) that feed intake of 
Diet 1 (FM control; 1185.5 g) was higher than that of Diets 4, 5 or 6 
(837.1– 890.7 g), although feed intake standard errors were highly 
variable (25– 138).
3.2  |  Growth performance, condition factor and 
body analysis by gender
Gender differences were evident for final weight and length, 
K, SGR, weight gain (%), VSI and GSI within diet (Table 5). Final 
weight and length, SGR and weight gain (%) of male bluegill fed 
Diets 1– 5 and 7 were consistently (p < 0.05) greater than those of 
females fed the same diets, whereas there was no gender differ-
ence in these metrics in fish fed Diet 6. Conversely, GSI of females 
were significantly greater than males regardless of diet. Condition 
factors (K) for males fed Diets 3 and 4 were significantly (p < 0.05) 
greater than females fed the same diets, but K did not differ by 
gender for any other diet. VSI of males fed Diets 2– 7 also were 
larger than females fed those diets, but male VSI (10.11) for Diet 
1 did not statistically differ from females (9.16) for Diet 1. HSI did 
not differ by gender for any diet and also did not differ among 
diets within males (Table 5); however, HSI of females was signifi-
cantly (p < 0.05) larger for Diets 1 (1.94) and 4 (2.06) compared to 
Diet 2 (1.44), while females fed the other diets exhibited interme-
diate (1.63– 1.87) HSI.
Within gender, males fed Diets 2 and 3 had significantly greater 
(p < 0.05) final weight, SGR and weight gain than males fed Diet 1 
and 6, with these metrics being intermediate and statistically over-
lapping in males fed all other diets (Table 5). K of males fed Diet 3 
was significantly higher than males fed Diet 2, but generally not dif-
ferent (p > 0.05) among males fed other diets. HSI and GSI were not 
significantly different (p > 0.05) among males fed any diet and av-
eraged 1.84 and 0.60, respectively (Table 4); however, VSI of males 
fed Diet 7 was significantly greater (p < 0.05) than males fed all diets 
except Diet 3, but males fed Diets 1, 2, 4, 5 and 6 were not different 
(p > 0.05) from each other (Table 5).
Among females, fish fed Diet 3 had significantly higher (p < 0.05) 
individual final weight, SGR and percentage weight gain compared 
to females fed Diet 4, but not different among females fed all 
other diets (Table 5). Females fed Diet 3 had higher individual final 
length compared to females fed Diet 4 and Diet 6, but not different 
(p > 0.05) to females fed any other diet. K was not significantly dif-
ferent (p > 0.05) among females fed any diet, while HSI was signifi-
cantly higher (p < 0.05) in females fed Diet 1 and Diet 4 compared to 
females fed Diet 2, but were not different to females fed any other 
diet. VSI in females fed Diet 3 was significantly higher than females 
fed Diets 2, 4 and 6, while GSI in females fed Diet 7 was significantly 
higher (p < 0.05) than in females fed Diets 1, 3 and 6 (Table 5).
3.3  |  Proximate composition
At the conclusion of the feeding trial, total replacement of FM by 
SBM, PBM, an all- plant protein diet and a commercial blended FM 
replacement product did not significantly (p > 0.05) affect whole- 
body composition (as- is basis) of bluegill compared to fish fed a diet 
Responseb 
Diet
1 (control) 2 3 4 5 6 7
GSI (%) M 0.50 0.65 0.82 0.60 0.66 0.36 0.62
(SE) (0.12) (0.13) (0.12) (0.07) (0.07) (0.12) (0.10)
Rank 6 3 1 5 2 7 4
GSI (%) F 5.23c* 7.10ab* 6.53b* 7.12ab* 7.14ab* 5.29c* 7.79a*
(SE) (0.37) (0.57 (0.39) (0.64) (1.63) (0.54) (0.45)
Rank 7 4 5 3 2 6 1
Mean rank 3.75abc 4.63bcd 2.06a 5.16 cd 3.56abc 5.88d 2.97ab
(SE) (0.51) (0.51) (0.38) (0.43) (0.35) (0.29) (0.34)
Rank order 4 5 1 6 3 7 2
aTotal number of fish by sex/diet: Diet 1 = 15 M/15F; Diet 2 = 16 M/14F; Diet 3 = 15 M/15F; Diet 4 = 17 M/13F; Diet 5 = 16 M/14F; Diet 
6 = 16 M/14F; Diet 7 = 19 M/11F.; bResponses as designated in Table 4 footnote. Means within a row with different letters are different (p < 0.05). 
Asterisks (*) indicate a significantly larger gender response within a diet. Values are mean determination of three tanks per diet (N = 3).; cSee section 
‘2.4. Data collection and sample analysis’ for a full description of diet ranking.
TA B L E  5  (Continued)
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containing 30% FM (Diet 1, control) and 15% FM (Diets 2– 3) and av-
eraged: 67.80% moisture, 16.76% protein, 10.30% lipid, 0.10% fibre 
and 4.02% ash, respectively (Table 6).
3.4  |  Muscle amino acid composition
There were no significant differences (p > 0.05) in the levels of any 
essential amino acid (EAA) from fillets of bluegill fed any of the 
diets, and only taurine (TAU) was found to be significantly different 
(p < 0.05) among the non- essential amino acids (NEAA) in fillet, with 
fish fed Diet 3 having a significantly higher TAU level than fish fed 
Diet 7 (Table 7).
3.5  |  Diet performance rankings
The overall diet performance mean rank and rank order (Table 5) 
were as follows: Diet 3 (2.06, #1), Diet 7 (2.97, #2), Diet 5 (3.56, #3), 
Diet 1 (3.75, #4), Diet 2 (4.63, #5), Diet 4 (5.16, #6) and Diet 6 (5.88, 
TA B L E  6  Mean (± SE) whole- body proximate composition (% fresh weight) of bluegill fed the test diets. There were no significant 
differences (p > 0.05)
Compositiona 
Diet
1 2 3 4 5 6 7
Moisture 67.77 ± 0.30 67.89 ± 0.32 67.46 ± 0.52 67.94 ± 0.07 67.80 ± 0.51 68.28 ± 1.05 67.47 ± 0.42
Protein 17.03 ± 0.38 16.89 ± 0.32 16.53 ± 0.68 17.57 ± 0.18 16.05 ± 0.64 17.40 ± 0.45 15.86 ± 0.06
Lipid 10.19 ± 0.35 9.68 ± 0.26 10.45 ± 0.27 10.44 ± 0.81 10.37 ± 0.10 9.56 ± 0.65 11.44 ± 0.21
Fibre 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01
Ash 4.56 ± 0.35 3.98 ± 0.09 3.77 ± 0.11 4.06 ± 0.35 3.98 ± 0.22 3.71 ± 0.14 4.11 ± 0.17
aValues are mean determinations from 10 fish/tank from three tanks per diet (N = 3).
TA B L E  7  Mean (± SE) fillet amino acid composition (% fresh weight) of bluegill fed the test diets. Means within a row with different letters 
were significantly different (p < 0.05). Values are mean determinations from three fish/tank from three tanks per diet (N = 3)
Amino acid
Diet
1 2 3 4 5 6 7
Essential
Arginine 2.29 ± 0.07 2.53 ± 0.09 2.60 ± 0.05 2.49 ± 0.28 2.28 ± 0.20 2.65 ± 0.20 2.60 ± 0.46
Histidine 0.82 ± 0.05 0.97 ± 0.04 1.08 ± 0.03 0.92 ± 0.18 0.83 ± 0.14 1.13 ± 0.09 0.94 ± 0.24
Isoleucine 1.87 ± 0.05 2.12 ± 0.09 2.11 ± 0.13 2.09 ± 0.20 1.82 ± 0.14 2.24 ± 0.19 2.18 ± 0.41
Leucine 3.06 ± 0.06 3.44 ± 0.11 3.48 ± 0.19 3.43 ± 0.40 2.99 ± 0.28 3.63 ± 0.35 3.53 ± 0.69
Lysine 2.82 ± 0.05 3.20 ± 0.05 3.04 ± 0.35 3.11 ± 0.40 2.70 ± 0.22 3.52 ± 0.33 3.24 ± 0.68
Methionine 0.92 ± 0.13 1.36 ± 0.03 1.38 ± 0.16 1.03 ± 0.10 0.91 ± 0.12 1.53 ± 0.12 1.22 ± 0.18
Phenylalanine 1.70 ± 0.05 1.86 ± 0.06 1.94 ± 0.05 1.89 ± 0.18 1.70 ± 0.16 1.99 ± 0.17 1.92 ± 0.35
Threonine 1.83 ± 0.03 2.03 ± 0.66 2.08 ± 0.006 2.02 ± 0.24 1.79 ± 0.18 2.14 ± 0.20 2.08 ± 0.41
Valine 2.08 ± 0.05 2.34 ± 0.09 2.35 ± 0.15 2.31 ± 0.24 2.04 ± 0.17 2.49 ± 0.22 2.41 ± 0.46
Non- Essential
Alanine 2.80 ± 0.08 3.07 ± 0.08 3.08 ± 0.25 3.04 ± 0.35 2.72 ± 0.26 3.24 ± 0.24 3.23 ± 0.59
Asn/Aspa  3.92 ± 0.09 4.29 ± 0.12 4.14 ± 0.46 4.30 ± 0.58 3.74 ± 0.34 4.65 ± 0.40 4.43 ± 0.89
Cystine 0.41 ± 0.02 0.46 ± 0.04 0.46 ± 0.01 0.48 ± 0.04 0.41 ± 0.05 0.44 ± 0.06 0.46 ± 0.04
Gln/Glub  5.73 ± 0.13 6.27 ± 0.28 6.05 ± 0.54 6.26 ± 0.76 5.48 ± 0.44 6.45 ± 0.64 6.56 ± 1.23
Glycine 4.21 ± 0.20 4.41 ± 0.21 4.62 ± 0.21 4.54 ± 0.43 4.30 ± 0.37 4.43 ± 0.24 4.92 ± 0.65
HProc  0.71 ± 0.05 0.77 ± 0.02 0.88 ± 0.06 0.75 ± 0.14 0.77 ± 0.13 0.80 ± 0.02 0.87 ± 0.15
Proline 2.23 ± 0.07 2.39 ± 0.54 2.49 ± 0.15 2.39 ± 0.28 2.28 ± 0.21 2.48 ± 0.16 2.62 ± 0.43
Serine 1.78 ± 0.06 1.94 ± 0.06 2.02 ± 0.04 1.94 ± 0.22 1.77 ± 0.17 1.89 ± 0.26 2.01 ± 0.38
Taurine 0.42 ± 0.02ab 0.34 ± 0.02ab 0.45 ± 0.01a 0.29 ± 0.04ab 0.31 ± 0.04ab 0.32 ± 0.03ab 0.27 ± 0.05b
Tyrosine 1.09 ± 0.03 1.36 ± 0.01 1.32 ± 0.10 1.22 ± 0.12 1.08 ± 0.09 1.51 ± 0.13 1.37 ± 0.33
aAsparagine/Aspartic acid.; bGlutamine/Glutamic acid.; cHydroxyproline.
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#7). Means comparison among diet rankings indicate two clusters of 
diets with some statistical overlap consisting of Diets 3, 7 and 5 on 
the high end of performance and Diets 2, 4 and 6 on the low end of 
performance with Diet 1 performance intermediate.
4  |  DISCUSSION
Bluegill and hybrid bluegill (Lepomis cyannellus × L. macrochirus) have 
become very popular, globally cultured fish species, not only as sport 
fish, but also as food- fish due to their ability to consume a prepared 
diet and rapid growth as juveniles (Tidwell et al., 1992; Webster, 
Tidwell, Goodgame, Clark, et al., 1992). However, due to their pro-
tein requirement, current commercial diets for bluegill are similar to 
diets for largemouth bass and hybrid striped bass which contain a 
high (>20%) percentage of FM. In order to improve profitability for 
producers, promote environmental stewardship and allow for indus-
try growth, diets that partially or totally replace FM with other pro-
tein sources are desirable. While this is not the first published report 
evaluating the use of FM- free diets for bluegill (Masagounder et al., 
2014), it is the first report where FM- free diets were evaluated that 
achieved high growth rates in bluegill, evaluated an all- plant- protein 
diet and evaluated a commercially available FM substitute (Aqua- Pak 
Pro- Cision). Growth reported in the present study for bluegill fed 
diets containing 30% FM:37% SBM (Diet 1), 15% FM:56% SBM (Diet 
2), 15% FM:16% PBM:34% SBM (Diet 3), 16% PBM:53% SBM (Diet 4), 
32% PBM:31% SBM (Diet 5) and 40% Pro- Cision:20% SBM (Diet 7) 
were high and not different from each other, indicating that diets 
without FM and a blend of animal- and plant- protein ingredients had 
no adverse effects on bluegill. As diets were formulated to meet all 
nutrient requirements of largemouth bass and bluegill, the present 
data validate nutrient requirement and digestibility data previously 
published (Masagounder et al., 2009; Portz & Cyrino, 2004; Tidwell 
& Webster, 1993; Tidwell et al., 1992; Webster et al., 1997a). While 
the diets were formulated to be isonitrogenous and isolipidic, slight 
differences in proximate compositions were reported after analysis. 
This is most likely due to differences in nutrient compositions of in-
gredients used to produce the diets compared to ingredients used 
in initial nutrient determinations. It is not thought that these minor 
differences in dietary nutrient compositions were a factor in the 
growth data from the study. In terms of overall performance rank-
ings, the top three performing diets— Diet 3, 5 and 7— correspond to 
the top three rankings in available P and dietary starch levels, while 
Diets 3 and 7 correspond to the smallest (#3 and #1, respectively) 
sum of squared differences (SSd) in EAA from those in the FM con-
trol diet.
Masagounder et al. (2014) fed juvenile bluegill (24 g) diets con-
taining various percentages of FM, with porcine meat- and- bone 
meal (PMBM), soybean meal (SBM) and corn gluten meal (CGM) 
as the alternative protein sources, and reported that there was no 
adverse effect on growth if fish were fed a diet without FM. After 
60 days, weight gain of fish averaged 100%, FCR ranged from 1.01 
to 1.34, HSI ranged from 1.2 to 1.8, VSI ranged from 9.0 to 11.6, and 
apparent net protein utilization ranged from 34.4 to 38.6%. However, 
the present study reports much higher growth in bluegill, so it may 
be that any growth differences were masked in Masagounder et al. 
(2014). Although Monge- Ortiz et al. (2018) reported that there were 
no significant differences in final weight of Mediterranean yellowtail 
(Seriola dumerili) fed a diet containing 0% FM, 34.5% krill meal, and 
25% meat meal compared to fish fed a diet containing 52.5% FM, 
examination of the data reveals that while the fish fed a FM- free 
diet had final weights that were not significantly different, their final 
weights were reduced 14% compared to fish fed a diet containing 
FM. Further, fish fed the FM- free diet had significantly reduced sur-
vival (23%) compared to fish fed all other dietary treatments (range 
75– 86%). While no causative agent could be reported, it has been 
stated that fish fed FM- free diets can have reduced immune system 
function (Estruch et al., 2015).
Among animal- source protein ingredients evaluated as FM re-
placements, poultry by- product meal (PBM) has been shown to be 
suitable due to its high protein content, high amino acid digestibil-
ity, reasonable cost, availability and palatability (Metts et al., 2011; 
Muzinic et al., 2006; Portz & Cyrino, 2004; Rawles et al., 2011; Rossi 
& Davis, 2012; Shapawi et al., 2007; Subhadra et al., 2006; Tidwell 
et al., 2005; Wang et al., 2015; Webster et al., 2000). However, as 
PBM is produced from wastes and by- products of processed chick-
ens, possibly including heads and feet (but excluding feathers and 
viscera), one of the drawbacks of PBM is its inconsistent quality 
among different sources. This can lead to reduced digestibility of 
nutrients in fish which can manifest itself in lower growth rates at 
higher inclusion levels. In marine fish, lower levels of inclusion of 
PBM in diets appear necessary to optimize fish growth compared to 
freshwater fish. Nengas et al. (1999) reported that 50% of FM could 
be replaced by PBM in gilthead seabream (Sparus aurata), while 67% 
of FM could be replaced by PBM in red drum (Sciaenops ocellatus; 
Kureshy et al., 2000). Dawson et al. (2018) reported that up to 80% 
of FM (diet contained 14% FM and 50% PBM) could be replaced by 
PBM in diets for black sea bass (Centropristis striata). Differences in 
the quality of PBM and processing conditions can influence nutrient 
composition and digestibility of PBM which could result in the varied 
responses reported in the literature when PBM has been used as 
partial or total replacement of FM in aquaculture diets.
Bluegill fed an all- plant- protein diet (Diet 6) had less growth than 
fish fed diets with an animal– plant- protein blend. This was unex-
pected as the diet was formulated to meet nutrient requirements 
of bluegill, and several plant- protein sources were utilized so as to 
keep inclusion levels below potentially problematic levels reported 
in the literature. In terms of diet rankings, Diet 6 also placed last 
in terms of overall mean performance metrics and was also low-
est ranked in terms of available P and overall dietary starch level. 
However, the reduced growth observed in the present feeding study 
agrees with published data. Le Boucher et al. (2014) reported that 
growth of European sea bass (Dicentrarchus labrax) fed an all- plant 
diet was significantly reduced compared to fish fed a diet containing 
38% FM. All- plant- protein diets have several issues for use in aqua-
culture diets. The first issue with feeding all- plant diets to fish may 
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be reduced palatability compared to diets containing FM (Anderson 
et al., 2016; Cho et al., 1974; Wang et al., 2020). Palatability can be 
influenced by the levels of anti- nutritional factors or desirable/un-
desirable flavours, or both. However, there may be species- specific 
tolerances for these two factors which could explain differences re-
ported in the literature on the influence of diet palatability among 
fish. In the present study, bluegill had reduced growth when fed an 
all- plant diet compared to fish fed diets containing FM and PBM; 
however, there were no significant differences in feed intake (albeit, 
it was reduced) and FCR among all dietary treatments. Thus, while 
growth may have been reduced in bluegill fed an all- plant diet, it 
does not appear that palatability was the sole (if at all) reason. For 
palatability issues, it was reported that final weights of Nile tilapia 
(Oreochromis niloticus) fed diets where SBM was the sole protein 
source were much lower (50– 216%) compared to fish fed a diet con-
taining 20% FM (Trosvik et al., 2012, 2013).
Secondly, the essential amino acid (EAA) composition of many 
plant proteins is often inferior to those of FM and animal- source 
proteins, resulting in EAA deficiencies that reduce nutrient uti-
lization and growth. Indeed, the largest SSd in essential amino 
acids compared to the FM control (Diet 1) was observed in Diet 
6 as well as the second largest SSd in total available amino acids 
(essential + non- essential).
Thirdly, plant- protein ingredients often contain anti- nutritional 
factors (ANF) that can adversely affect growth, nutrient utilization 
and fish welfare. Included in ANF are protease inhibitors, hormone 
inhibitors (such as glucosinolates), phytate phosphorus (an unavail-
able source of phosphorus), complex carbohydrates and high fibre. 
These factors can severely reduce nutrient digestibility and palat-
ability, which can dramatically reduce fish growth. Indeed, the low-
est level of estimated available P (0.44%) was found in Diet 6; this 
and putatively higher levels of phytate P in this diet suggests that 
dietary P may have been deficient. Deficient P as well as the lowest 
level of dietary starch energy may have resulted in the poorer per-
formance of this diet.
Lastly, some plant- protein ingredients can damage gastrointes-
tinal integrity including changes in intestinal cells and tissues, and 
necrosis (soybean- induced enteritis). Although intestinal enteritis 
was not assessed in the current study, it is interesting to note that 
the two clusters of diets identified by mean performance rankings 
(see Section 3.5) can be differentiated principally by soy inclusion 
level, where the highest ranking diets (Diets 3, 7 and 5) contained 
≤34% SBM and the lowest ranking diets (Diets 2, 4 and 6) contained 
>34% SBM.
It has been shown that increasing content of plant proteins in 
aquaculture diets have resulted in higher frequency of cellular al-
terations in midgut and hindgut in Atlantic cod (Gadhus morhua), al-
though little overall negative effects were observed physiologically 
and morphologically when cod were fed an all- plant protein diet 
compared to a FM- based diet (Olsen et al., 2007). However, growth 
was reduced 50% in fish fed an all- plant diet compared to cod fed 
a FM- based diet (Hansen et al., 2007). Lastly, lack of n- 3 highly un-
saturated (polyunsaturated) fatty acids (n- 3 HUFA/n- 3 PUFA) in 
plant- protein ingredients may cause a deficiency of these essential 
lipids in fish leading to a reduction in growth.
Addition of limiting crystalline amino acids to offset the sum of 
ingredient deficiencies may or may not have improved the growth of 
fish fed diets with large (>60%) reductions in FM. In order to examine 
this proposition, we assumed momentarily that the fillet amino acid 
profile from bluegill fed the FM control diet (Table 6, Diet 1 column) 
represents a reasonable ideal protein target. Using previously noted 
amino acid availability estimates from the carnivorous fish literature, 
it can be shown that MET, LYS and THR are first- limiting, in that 
order, in the test diets and the degree of limitation correlates well 
with the top and bottom mean diet performance ranks. For example, 
the lowest ranked performer, Diet 6, was 43.4%, 26.0% and 21.9% 
deficient in MET, LYS and THR, respectively, on a hypothetical ideal 
protein basis. In contrast, the top two ranked performers, Diets 7 
and 3, were only 6.5% and 20.7% deficient in MET, respectively, 
which is 6 times less deficient and less than half the MET deficiency, 
respectively, in Diet 6. Similarly, LYS was only 7.1% and 15.3% defi-
cient in Diets 7 and 3, respectively, that is almost four times less and 
40% less deficient, respectively, than LYS in Diet 6. Finally, THR was 
only 10.3% and 16.9% deficient in Diets 7 and 3, respectively, that 
is less than half and about 25% less deficient, respectively, than the 
THR limitation found in Diet 6. Interestingly, the FM control (Diet 1) 
was only 10.2%, 3.9% and 12.7% deficient in MET, LYS and THR, re-
spectively, on a putative ideal protein basis, but was intermediate in 
overall performance ranking, with no obvious reason for this obser-
vation. Nevertheless, based on both the hypothetical ideal protein 
target analysis and the statistical differences among diets for each 
response measure, we can suggest with some confidence that sup-
plementation of the all- plant protein diet (Diet 6) with first- limiting 
amino acids might have significantly improved its performance; 
however, similar supplementations of the other test diets probably 
would not have yielded great improvements in performance com-
pared to, say, the FM control.
Wu et al. (2018) reported that addition of 0.3– 0.4% MET and 
0.6– 0.8% LYS did not improve growth of giant croaker (Nibea japon-
ica) when fed diets containing 60– 80% less FM compared to fish fed 
a control diet containing 40% FM. While deficiency of LYS and/or 
MET appear to be the most common problem with EAA content of 
all- plant diets, taurine (TAU) deficiency has been mentioned as a pos-
sible culprit for reduced growth in fish when animal- source protein 
ingredients (especially FM) are completely replaced by plant- protein 
ingredients, especially for marine species. Taurine supplementation 
improved growth of dentex (Dentex dentex; Chatzifotis et al., 2008); 
red sea bream (Pagrus major; Takagi et al., 2010); Florida pompano 
(Trachinotus carolinus; Rossi & Davis, 2012); yellowtail (Seriola quin-
queradiata; Takagi et al., 2008); and golden pompano (Trachinotus 
ovatus; Wu et al., 2015). However, there are conflicting reports in 
the literature regarding the efficacy of TAU supplementation where 
no improvement in growth has been observed in other species 
(Kim et al., 2008; Koch et al., 2016; Savolainen, 2008). In the present 
study, as diets were formulated to meet the known requirements of 
bluegill, no supplemental amino acids were added.
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Canola meal (CM) and rapeseed meal (RM) are widely used plant 
protein ingredients for animal and aquaculture diets. While the EAA 
composition of CM does allow for its inclusion in many fish diets 
(Burel et al., 2000, 2001; Davies et al., 1990; Glencross et al., 2004; 
Higgs et al., 1982; Webster et al., 1997b), the meal has numerous 
anti- nutritional factors (ANF) that limit its use (Francis et al., 2001). 
These include indigestible carbohydrates, phytate, glucosinolates 
and phenolic compounds. Glucosinolates reduce palatability and 
nutrient uptake which often limits the amount of RM/CM that can 
be added to a diet. Webster et al. (1997b) reported that a diet con-
taining between 12 and 36% CM was acceptable for channel catfish 
(Ictalurus punctatus); however, a diet containing 48% CM resulted in 
reduced growth compared to fish fed a diet containing 8% FM and 
0% CM.
This range of inclusion of CM in fish diets is in agreement with 
Cheng et al. (2010) who reported that 20% CM could be added 
to a diet for Japanese seabass (Lateolabrax japonicus) without ad-
verse effects on growth, and 32% CM could be added to diets 
for grass carp (Ctenopharyngodon idellus) without a reduction in 
growth; however, higher inclusion levels resulted in reduced 
growth. Omnes et al. (2015) reported no adverse histopatholog-
ical changes in goldfish (Carassius auratus) and gilthead seabream 
(Sparus aurata) when rapeseed meal was included at 20% of the 
diet. Dossou et al. (2018) reported that juvenile red seabream 
(Pagrus major) could have 42% fermented rapeseed meal in a diet 
without adverse effects to growth, body composition and blood 
composition. However, lower levels of inclusion for CM have 
been reported. Cobia (Rachycentron canadum) cannot have more 
than 12.5% CM in a diet before reduced growth was observed 
(Luo et al., 2012). Likewise, Bu et al. (2018) stated that diets for 
Pseudobagrus ussauriensis could have 17% CM added without neg-
ative effects on growth and feed conversion. Inclusion of CM/RM 
protein concentrates/isolates in fish diets can be higher depending 
upon species (Nagel et al., 2012; Slawski et al., 2011). Differences 
in inclusion level of CM/RM may be due to species differences, 
diet formulation, genetics and culture conditions. In the present 
study, CM was limited to 10% in the all- plant- protein diets (Diet 6) 
to avoid possible negative effects of ANFs.
In the present study, no differences were found in final length, K, 
survival, FCR, HSI and GSI, and only minor differences in VSI were 
seen in fish fed the various diets when gender was not considered. 
This is in agreement with Watson et al. (2014) who reported that 
growth, SGR, PER, FCR and body composition of juvenile cobia 
(Rachycentron canadum) were not different when fish were fed a 
control diet (containing 45% FM) and diets containing various per-
centages (up to 60%) of selected, non- GMO SBM replacing FM. 
However, while feed intake did not differ among black sea bass fed 
diets containing increasing percentages of PBM, FCR and PER were 
significantly higher and lower, respectively, in fish fed a diet con-
taining 0% FM and 62.7% PBM compared to fish fed a control diet 
containing 70% FM and 0% PBM (Dawson et al., 2018).
In the present study, however, males grew larger (higher final 
weight, final length, SGR, and percentage weight gain) than females 
except for fish fed the all- plant diet (Diet 6). Males also had higher 
VSI than females among all dietary treatments, while females had 
higher GSI. This is in agreement with Hayward and Wang (2006) 
who reported that individually held male bluegill had higher final 
weight and growth rates than females, while females had higher GSI. 
However, unlike the earlier report, where female bluegill had low 
growth rates, females in the present study exhibited higher growth 
rates than reported in Hayward and Wang (2006) with similar GSI.
Partial or total replacement of FM in diets for bluegill did not 
affect whole- body and muscle proximate and amino acid composi-
tions regardless of protein source included in the diet. All- plant diet 
did not affect whole- body proximate composition of Nile tilapia 
(Oreochromis niloticus; Thompson et al., 2012); however, varied ef-
fects on fish composition have been reported for inclusion of PBM 
as replacement of FM. When PBM was used to replace FM in diets 
for largemouth bass, no effect on whole- body proximate composi-
tion was reported (Ren et al., 2017; Subhadra et al., 2006); hybrid 
striped bass (Morone chrysops × M. saxatilis; Thompson et al., 2007; 
Pine et al., 2008; Rawles et al., 2011); and Nile tilapia (Webster et al., 
2016). No significant differences in whole- body protein content in 
black sea bass were reported by Dawson et al. (2018) which agrees 
with other published reports (Nengas et al., 1999; Shapawi et al., 
2007; Takakuwa et al., 2006). This would indicate high digestibility 
of protein from PBM and is supported by the published protein di-
gestibility values of PBM for black sea bass (82– 84%; Dawson et al., 
2018) and sunshine bass (Metts et al., 2011). Further, whole- body 
lipid content was not significantly different among black sea bass 
fed diets containing various percentages of PBM indicating that 
lipid in PBM was efficiently utilized by the fish (Dawson et al., 2018). 
This has also been reported in other fish species (El- Sayed, 1998; 
Shapawi et al., 2007; Takakuwa et al., 2006; Webster et al., 1999; 
Zhou et al., 2011).
These reports are in contrast to others which have shown that 
lipid content of fish fed high levels of PBM affected lipid content in 
fish (Gonzalez- Rodriguez et al., 2016; Karapanagiotidis et al., 2019; 
Nengas et al., 1999). Dawson et al. (2018) reported whole- body mois-
ture and ash contents were significantly higher in black sea bass fed 
diets containing 50– 100% PBM compared to fish fed a control diet 
without PBM. Increased ash content might be due to reduced ash 
digestibility of black sea bass when fed PBM compared to FM. This 
increased whole- body ash contents of fish fed diets containing PBM 
has been reported by others (El- Sayed, 1998; Shapawi et al., 2007).
5  |  CONCLUSION
Diets in which various percentages of SBM, PBM and/or a commer-
cial protein- blended product completely replaced FM had similar 
growth performance, feed efficiency and body composition in juve-
nile bluegill compared to fish fed diets containing 30% FM. However, 
as formulated, feeding an all- plant diet resulted in reduced growth 
in bluegill. Mean diet performance rankings based on most of the 
response measures along with underlying associated differences in 
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essential nutrient and energy levels (i.e. amino acids, P and starch) 
and soybean inclusion levels provide some insight into subtle differ-
ences in performance among diets. Bluegill can be fed fish meal- free 
diets without reduced production (growth) if an animal- source pro-
tein ingredient (PBM or Pro- Cision) is added; however, further study 
on formulating an all- plant diet for this species is needed.
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